The final, deformed state of a fold-and-thrust belt may be reached by an infinite number of kinematic paths. Two end-member kinematic paths are due to continuous or discontinuous rates of deformation.
INTRODUCTION
Specifying the kinematic history and deformation path of thrust-sheet emplacement requires geometric and temporal data at a wide range of scales (Price, 1988) . Clearly, the resolution of those data influences the perception of how emplacement varies in space and time ( Fig. 1) . Although slip accumulation on a fault occurs at a discontinuous rate at the individual-earthquake scale (De Bremaecker, 1987) , inability to differentiate individual events from the total displacement creates the appearance of a process that occurs at a constant rate. Combinations of geometric interpretations and stratigraphic data from many orogens argue that the spatial and temporal pattern of deformation between major thrust sheets is discontinuous; thrust sheets have progressively younger, predominantly nonoverlapping emplacement ages from the hinterland to the foreland (the so-called "breakforward" thrust sequence) (Armstrong and Oriel, 1965; Boyer and Elliott, 1982; Woodward, 1987) . Increasingly, more complex patterns of deformation are being recognized (Morley, 1988; Hudec and Davis, 1989; Boyer, 1992; Burbank et al., 1992b) . Even in "classic" break-forward thrust belts such as the Idaho-Wyoming thrust belt (Royse et al., 1975) , a broader distribution of deformation in space and time is now recognized for the emplacement and internal deformation of the major thrust sheets (Delphia and Bombolakis, 1988; Coogan, 1992; DeCelles et al., 1993; DeCelles, 1994; DeCelles and Mitra, 1995) . A number of specific questions are thus raised by the growing appreciation and expectation that thrust-sheet emplacement and internal deformation ought to be spatially and temporally complex. Does thrust-sheet emplacement and internal deformation occur concurrently, sequentially, or in combination? Is deformation within major thrust sheets self-similar to that between thrust sheets? What are the rates of emplacement and internal deformation? How does displacement and displacement rate vary in space and time between thrust sheets? Well-constrained studies integrating spatial patterns of deformation with an absolute temporal framework are imperative in order to generalize about scaling laws for thrust-fault formation, the formation of large-displacement thrust faults, the temporal and spatial evolution of thrust sheets, the role of these sheets in the overall kinematic evolution of thrust belts, and the applicability of orogenic-scale mechanical models. To date, the highest-resolution spatial and temporal control on deformation has come from thrust belts where syntectonic sedimentary rocks are preserved and have been dated by their magnetostratigraphy (Burbank et al., , 1992a (Burbank et al., , 1992b Johnson et al., 1986; Reynolds et al., 1990) .
We have developed a new chronology across a thick sequence of terrestrial deposits in foreland and piggy-back basins that allows us to determine the rate of emplacement and internal deformation of a major thrust sheet from the south-central sector of the Spanish Pyrenees. Here we describe ≈10 m.y. of the Pyrenean orogeny during which >30 km of shortening accumulated on two major faults: one defines the base of a major thrust sheet, and the other is a detachment formed in strata in the thrust sheet's footwall.
The distribution and rate of displacement on these two faults in space and time are well constrained by stratigraphy, sedimentology, magnetostratigraphy, and structural analysis. Our data allow discrimination of translation vs. internal deformation of the thrust sheet and of deformation related to the thrust sheet vs. deformation of the thrust sheet's footwall. From these data, we conclude that thrust-sheet translation occurred at a constant rate over short time intervals (hundreds of thousands of years), although the rate showed considerable variability over longer intervals (one million to tens of millions of years). Internal deformation of the thrust sheet postdates the translation, and displacement on individual structures was temporally discontinuous, whereas footwall deformation was contemporaneous with both the translation and internal deformation of the thrust sheet.
GEOLOGIC FRAMEWORK OF THE PYRENEES
The Pyrenean orogenic system has a classic two-sided symmetry consisting of, from north to south, the Aquitanian foreland basin, the North Pyrenean foreland thrust belt, the axial-zone crystalline core, the Spanish Pyrenean foreland thrust belt, and the Ebro foreland basin (Figs. 2A and 3) (Muñoz, 1992) . Crustal-scale structure of this continental collision zone was revealed by the ECORS deep-crustal seismic reflection profile, which provided new constraints on the geometry and distribution of shortening ( Fig. 3 ) (Choukroune and ECORS Team, 1989; Roure et al., 1989; Muñoz, 1992) . Approximately 125-150 km of shortening is calculated along this profile (Muñoz, 1992) . This shortening is unequally partitioned between north-directed thrusts north of the North Pyrenean fault and south-directed thrusts to the south. To the north, ≈35 km of the shortening is accounted for by thrust sheets in the axial zone and the North Pyrenean foreland thrust belt (Muñoz, 1992) . As much as 112 km of shortening is accounted for by structures to the south of the North Pyrenean fault. Shortening in the foreland thrust sheets is approximately balanced by that of the crystalline thrust sheets in the axial zone (≈73 km), with an additional, poorly constrained, 15-39 km of slip along the contact between the crystalline thrust sheets of the axial zone and thrust sheets of the foreland thrust belt (Muñoz, 1992; Vergés, 1993) . The orogeny lasted ≈50 m.y. (latest Cretaceous-early Miocene), although the total duration varies from east to west owing to the diachronous cessation of thrusting (Vergés, 1993) .
Three geographic-geologic provinces characterize the Spanish Pyrenean foreland thrust belt. These are, from east to west: the eastern, the southcentral, and western Pyrenees (Choukroune and Seguret, 1973) . Each of these geologic provinces consists of a geometrically distinct suite of discrete thrust sheets. Contrasting stratigraphic sequences and ages of emplacement defined by syntectonic strata characterize the three major thrust sheets of the south-central unit. From north to south and in order of emplacement, they are the Bóixols, Montsec, and Sierras Marginales thrust sheets ( Fig. 2B) (Muñoz, 1992; Vergés, 1993) . The emplacement of the Bóixols thrust sheet, an inverted Early Cretaceous extensional basin, is bracketed by syndepositionally deformed Upper Cretaceous strata and Paleocene rocks that unconformably overlie both the syntectonic strata and the thrust (Simó and Puigdefàbregas, 1985; Vergés and Martínez, 1988; Vergés, 1993) . To the south, in the footwall of the Bóixols thrust, the initial emplacement of the Montsec thrust sheet was early Eocene (Mutti et al., 1985) . Major displacement on the southernmost thrust sheet, the Sierras Marginales, occurred in the middle and late Eocene, after that of the other major thrust sheets (Vergés, 1993) . Formation of and major displacement on the Bóixols, Montsec, and Sierras Marginales thrusts define a simple pattern of hinterland-to-foreland age of emplacement. In detail, their displacement histories are more complicated and include coeval episodes of displacement with adjacent thrust sheets (Vergés and Muñoz, 1990; Burbank et al., 1992b; Meigs et al., 1992; Muñoz, 1992; Meigs and Burbank, 1993; Vergés, 1993) .
LARGE-SCALE CHARACTERISTICS OF THE SIERRAS MARGINALES THRUST SHEET AT ARTESA DE SEGRE
Our work focused on the Sierras Marginales thrust sheet (Fig. 2B) . Covering an area of >1400 km 2 , this is a particularly interesting thrust sheet because its emplacement and deformation account for 75% (56 km) of the total shortening in the Spanish Pyrenean foreland thrust belt (Vergés, 1993) . Deposition in both the foreland adjacent to and piggyback basins on the Sierras Marginales thrust sheet occurred contemporaneously with the thrust sheet's emplacement and deformation (Meigs et al., 1992; Puigdefàbregas et al., 1992; Vergés et al., 1992; Meigs and Burbank, 1993) . Structures intimately involved with these syntectonic strata are remarkably well preserved throughout the thrust sheet. Near the eastern margin of the thrust sheet at Artesa de Segre, a complicated, but well-exposed sequence of thrusting that involves syntectonic sedimentary rocks forms the basis of our study (Fig. 4) . This area is well suited for our objectives because (1) relationships between structures and stratigraphy are clearly defined, (2) a continuous section of ≈2 km of nonmarine syntectonic strata is preserved, (3) the area is just east of the ECORS line (≈10 km), (4) abundant drill-hole data are available for the region, (5) abundant seismic reflection data exist for the area, and (6) a detailed study at Oliana (Burbank et al., 1992b ) 50 km to the northeast provides additional time control and constraints.
The leading edge of the Sierras Marginales thrust sheet is variably exposed in the vicinity of Artesa de Segre and is marked by juxtaposition of Mesozoic and lower Tertiary pretectonic strata against the foreland-basin succession ( Fig. 2B) (Vergés, 1993) . The trailing, northern edge of the thrust sheet is overlain by strata of the early Eocene Ager piggyback basin and is cut by the Montsec thrust (Muñoz, 1992) . Internal structures of the Sierras Marginales thrust sheet consist of two distinct groups (Figs. 2B and 4) . A complex series of closely spaced thrusts developed in the southern third of the sheet. In contrast, the northern two-thirds of the sheet consists of folds with varying wavelength and amplitude. Folds and small-displacement thrust faults deform the foreland-basin sequence in the footwall of the Sierras Marginales thrust Vergés, 1993) .
Key contributions based on our detailed mapping in and around Artesa de Segre include (1) identification of three stratigraphic units in ≈1800 m of syntectonic nonmarine clastic and lacustrine rocks (Fig. 4) ; (2) interpretation of the emplacement and deformation history of this thrust sheet based on map relations between these syntectonic strata and the Sierras Marginales thrust, hanging-wall imbricate thrusts, and folds and faults affecting the foreland-basin succession in the footwall; (3) development of a new magnetostratigraphy across the nonmarine strata that provides new temporal control on rocks whose ages, prior to this study, were inferred; (4) definition of the absolute ages and rates of deformation; and (5) correlation of these deformational and stratigraphic ages with other well-constrained chronologies throughout the region.
DATA SETS

Stratigraphy and Sedimentology
Three mappable units were identified in the nonmarine clastic and lacustrine sequence on the basis of lithology, color, and bounding unconfor- mities. Both the top and bottom of the section are marked by faults (Fig. 4) . The aggregate thickness of the three units is ≈1820 m (Fig. 5) . Seven individual sections were measured by using a Jacob's staff and were linked together with laterally continuous beds that were traceable along strike on aerial photographs and in the field (Figs. 4 and 6 ). We informally refer to the units as units 1, 2, and 3, from oldest to youngest. Contacts between the three units are generally angular unconformities, particularly adjacent to syndepositionally active structures, but may be disconformities locally. The age of this sequence is loosely constrained as late Eocene (Priabonian) or younger, on the basis of correlation with the Priabonian Barbastro evaporite sequence of the Ebro foreland (Sáez et al., 1991; Serra et al., 1994) . Unit 1. Unit 1 is bound at its base by the Cubells thrust fault and at the top by either the Sierras Marginales thrust or the base of unit 2 (Fig. 4) . It was measured, from south to north, across a steeply overturned-to-thesouth to moderately north-dipping panel immediately south of Artesa de Segre. This location contains the widest outcrop belt and has a measured thickness of 810 m (Fig. 5) . Lithologically, unit 1 is homogeneous and consists of 2-5-m-thick fining-upward sequences. Broad, shallow scours are overlain by pebble-cobble clast-supported conglomerate or coarse-grained sandstone, coarse-to medium-grained sandstone, and planar-and ripplelaminated fine-grained sandstone and siltstone. Conglomerate clasts consist exclusively of pretectonic Mesozoic and Paleocene lithologies carried by the major thrust sheets. Overall, unit 1 fines upward such that the upper 300 m is dominated by fine to medium sand. Unit 1 has a distinct orange color, with the exception of the conglomerate bodies that have a gray-buff weathered appearance. These facies relationships are interpreted to reflect medial-distal alluvial-fan or braided-river deposition. The conglomerates were most probably derived from pretectonic strata of the Sierras Marginales thrust sheet.
Unit 2. Facies, color, contact relations, and extent of deformation distinguish unit 2 from unit 1 (Figs. 4 and 5) . Unit 2 was measured in a series of four sections from the basal contact where it onlaps the leading edge of the Sierras Marginales thrust sheet upward to the stratigraphically highest exposures within its outcrop belt. The 460 m measured for unit 2 probably underestimates its true thickness because the bottom was not measured in depositional continuity with the top of unit 1 and the unit 2-unit 3 contact is covered. From the top of unit 1 to the point 1.5 km along strike to the east-southeast where the base of unit 2 was measured, bed tracing along the basal unconformity indicates that the gap between the sections is probably much less than 100 m. The top of unit 2 and bottom of unit 3 are separated by a covered interval. Given the low dip of the strata and narrow width of the covered interval between the highest exposure of unit 2 and the lowest of unit 3, we estimate that the covered interval consists of no more than 20-30 m of section.
Where we measured our section, the lower 100 m of unit 2 is lithologically similar to unit 1. It consists of orange and pale red interbedded con- glomerate and sandstone. Conglomerate clast lithologies consist exclusively of Mesozoic and Paleocene sedimentary rocks. At similar stratigraphic positions but along strike where unit 2 unconformably overlies unit 1, the lithology, color, and outcrop appearance of unit 2 are strikingly different. Brown siltstone, mudstone, and thin fine-grained sandstone beds are interbedded with thick white gypsiferous evaporite and limestone beds. Two thick evaporite intervals, between 15 and 20 m each, form prominent markers exposed across the study area (Figs. 4 and 5) . Above this 225-m-thick evaporite, mudstone, and limestone interval, the remaining 135 m are dominated by alterations of brown-beige, 50-100-cm-thick, planar and trough cross-bedded, fine-to medium-grained sandstone and 1-3-m-thick interbedded siltstone and mudstone intervals. Pink-yellow mottling and burrows are present locally. A protracted period of lacustrine deposition interspersed with deposition of gravels having a local source is interpreted as the depositional environment of the lower half of unit 2. Lacustrine deposition gave way upsection to fluvial deposition, although channel depths and widths were small, and relatively low energy deposition prevailed overall.
Unit 3. Unit 3 was measured at the point of maximum thickness (550 m) in the northwest corner of the study area where it unconformably overlies Mesozoic and Paleocene rocks (Fig. 4) . Along strike <1 km to the northeast, the base of unit 3 lies in apparent stratigraphic continuity with the top of unit 2, although the contact is probably either a disconformity or subtle angular unconformity. The top of unit 3 is truncated by the Montargull thrust fault (Fig. 4) (Pocoví, 1978) . A well-organized lithological stacking of 6-15-m-thick successions characterizes unit 3. The basal part of each succession is marked by 1-3-m-thick coarse-grained, red-brown sandstone with local pebble lags overlying broad scours. Foresets, trough and ripple cross-stratification, and amalgamated 50-100-cm-thick channels typically characterize each sandstone bed. In addition to Mesozoic and Paleocene clasts, metamorphic and plutonic clasts are present in the lags. Grain size gradually decreases from medium-grained sandstone to brown mudstone across the upper part of each succession. Paleocurrent directions show a shift from southwest to south between the lower and upper parts of unit 3 (Fig. 7) . The upper 50 m of unit 3 consists of Mesozoic and Paleocene clast cobble conglomerate with <50-cm-thick orange siltstone lenses. This conglomerate displays a growth stratal geometry in the footwall of the Montargull thrust (Vergés, 1993) . This upper part of unit 3 is interpreted to reflect alluvial-fan deposition derived from the hanging wall of the Montargull thrust; the bulk of unit 3, however, reflects a well-developed braided-stream complex draining the Pyrenean axial-zone core (indicated by the presence of metamorphic and plutonic clasts), a more distal source area.
Structure
From north to south, two distinctive suites of structures are seen in the study area: folds and thrust faults that involve pretectonic strata in the hanging wall of the Sierras Marginales thrust fault and those that include only foreland-basin strata in the footwall (Figs. 2 and 4). Each suite of structures has a distinct structural style. The foreland-basin sequence is folded about two regionally extensive, evaporite-cored anticlines, the Sanaüja and Barbastro anticlines (Fig. 2) . In contrast, small-displacement thrust faults and associated folds developed within the Sierras Marginales thrust sheet. Age of formation of each suite of structures is uniquely fingerprinted by syntectonic strata.
Foreland Deformation. The Sanaüja anticline lies along the southern edge of the study area (Fig. 2) . Its original geometry is largely obscured by two north-directed thrust faults, the Sanaüja thrust to the south and the Cubells thrust to the north (Figs. 4 and 8) . Within the study area, the anticline is cored by the Barbastro evaporite and is interpreted as having formed above a detachment near the base of the Barbastro Formation ( Fig. 8A) . Superimposed on this larger fold are shortwavelength, small-amplitude folds related to the north-directed Sanaüja and Cubells thrust faults. Particularly complex relationships are seen in the north limb of the Sanaüja anticline between the Cubells and Sierras Marginales thrust faults (Fig. 8B ). Critical map and geometrical relationships between this panel of foreland strata and the Sierras Marginales thrust fault exposed just south of Artesa de Segre (Fig. 4) delineate the temporal relationship between deformation of the foreland and Sierras Marginales thrust-sheet emplacement and internal deformation.
Unit 1 changes from overturned to upright from the Cubells thrust on the south to the footwall of the Sierras Marginales on the north (Figs. 4 and 8B). Two kilometres southeast of Artesa de Segre, the Cubells thrust cuts the unconformities between units 1 and 2 and between 2 and 3 (Fig. 4) . Bedding form lines in unit 1 are truncated by the Sierras Marginales thrust at Artesa de Serge (Fig. 6A ). To the west, bedding form lines parallel the unconformity between units 1 and 2 although the dip of beds above and below the contact indicate the contact is an angular unconformity. Unit 2 onlaps its basal unconformity where it overlies thrust-faulted pretectonic strata ( Fig. 4) and is steeply north-dipping to locally overturned to the south. The Sierras Marginales thrust is interpreted to have approximately the same dip as steeply north-dipping pretectonic strata (>50°) exposed in its hanging wall (Fig. 8) .
These observations are summarized in Figure 8 . Because the Sierras Marginales thrust locally cuts downsection across footwall strata, folding of the Sanaüja anticline (and, by extension, displacement on the basal decollement beneath the foreland) predates final emplacement of the Sierras Marginales thrust sheet. The present attitude of the Sierras Marginales thrust fault, the angular unconformity between units 1 and 2, and the steep north dips in unit 2 are most easily explained as a consequence of back rotation caused by continued displacement on the basal decollement beneath the foreland and folding of the Sanaüja anticline. Late-stage modification of the north limb of the anticline by formation of the Cubells thrust fault postdates unit 3 because it cuts unit 3 southeast of Artesa de Segre (Fig. 4) .
Sierras Marginales Thrust Sheet. Map relationships between syntectonic units 2 and 3 and thrust imbricates within the Sierras Marginales thrust sheet enable integration of the internal deformation of the thrust sheet into the structural history (Fig. 4) . Hanging-wall structures to the Sierras Marginales thrust sheet consist of a shingled series of north-and north-northeast-trending thrust imbrications on the west side of the study area and the northeast-trending Montargull thrust (Figs. 2 and 4) . Two key map relations define the sequence of deformation of these structures. First, the easternmost thrust (labeled A, Fig. 4 ) cuts the unconformity between units 1 and 2, as well as folds and faults exposed in unit 2, but is unconformably overlain by unit 3. This unnamed fault intersects the next thrust to the west (B, Fig. 4 ) at a high angle. We interpret this intersection as a struc- tural truncation by the relatively younger western thrust. This western thrust carries synclinally folded unit 2(?) unconformably overlying pretectonic strata in its hanging wall.
Intersection of the limbs and axis of this syncline with the next thrust to the west is more oblique. A relatively younger age for this thrust fault is suggested because it cuts both limbs and the axis of the footwall syncline. A fold and fault in the hanging wall of this thrust are unconformably overlain by a small patch of syntectonic conglomerate (C, Fig. 4 ). Although this patch of syntectonic strata cannot be physically correlated with unit 1, 2, or 3, its structural position, topographic elevation, and untilted attitude indicate that it most likely correlates with unit 3. All of these structures and unit 3 are cut by the Montargull thrust on the north side of the study area. Unit 3 displays a growth stratal geometry in the footwall of the Montargull thrust (D, Fig. 4 and Fig. 8B ) (description of geometries and structural implications of similar growth stratal sequences are available in Riba, 1976; Anadón et al., 1986; DeCelles et al., 1991; .
Gentle folding of the Sierras Marginales thrust sheet by subsurface deformation of unit 1 is suggested by reflectors on a seismic line that parallels the cross section in Figure 8A (Vergés, 1993) . Three distinct groupings of reflectors are seen from south to north: a south-dipping set, a flat-lying set, and a north-dipping set. We interpret these to represent displacement on a south-dipping backthrust on the south and a north-dipping forethrust on the north. The Sierras Marginales thrust is clearly imaged in the seismic data and is apparently folded by these structures. Formation of these subsurface structures postdates unit 1 as well as emplacement of the thrust sheet and may also explain the gentle northward tilt of unit 3 at the surface (Fig. 8A) .
Paleomagnetic Procedures and Results
For paleomagnetic analysis, more than 600 samples were collected at 149 sample sites across the section, yielding an average spacing of 12 m (Figs. 4 and 6 ). At least four oriented samples of predominantly mudstones and siltstones and uncommonly fine-grained sandstone were collected from these closely spaced sites. To identify the characteristic remanence, a step-wise thermal demagnetization pilot study was conducted on 12 pairs of samples from representative rock types across the section. This initial demagnetization was carried out in 50°C temperature steps to 550°C and then 30°C steps to 710°C. On the basis of representative demagnetization curves (Fig. 9) , 50%-65% of the initial remanence is typically lost by 250°C, which is interpreted to reflect removal of a low-blocking-temperature viscous overprint. Between 250 and 500°C, 15% to 30% of the total initial remanence is removed, and the directions remain "stable." Above 500°C, the intensity frequently increases (Fig. 9) . We interpret this phenomenon to reflect the formation of magnetic phases during the thermal demagnetization process. The characteristic remanence is interpreted to be revealed above 250°C because of the stability of both the directions and the intensity above this temperature. Consequently, the samples were subjected to a three-step blanket demagnetization at 250, 300, and 350°C. Hematite is the probable carrier of the remanence, given that the color of specimens was predominantly red, orange, or pink and that intensity remained stable above 580°C in some specimens.
To interpret a reversal stratigraphy, paleolatitudes were determined from the virtual geomagnetic pole (VGP) at each individual site. First, a sitemean direction was defined at each of the 250, 300, and 350°C demagnetization levels by using all the samples (typically 3-4) collected at each individual site (Burbank et al., 1992a (Burbank et al., , 1992b . Second, the Fisher (1953) precision parameter k was calculated by using the suite of samples for each site at each demagnetization level to establish the coherency of the sitemean directions. Groups of samples from each site and temperature level were designated "class 1" if k ≥ 10, "class 2" if k < 10, and "class 3" if the individual sample directions were too dispersed to calculate k for the sitemean direction of a given demagnetization level. Thus, three estimates of the Fisher (1953) precision parameter k were calculated for each site. Third, by using the site-mean direction from the demagnetization level that yielded the maximum value of k at each site, normal or reversed polarity was assigned for that site on the basis of the VGP latitude determined from the site-mean direction.
Across the ≈1800 m of section, 30 magnetozones were identified (Fig. 10) . From the total of 149 sites, 71% (105 sites) yielded class 1 data, 26% (40 sites) yielded class 2 data, and 3% (4 sites) yielded class 3 data. Considerable confidence is placed in the pattern of reversals because (1) only class 1 and class 2 data were used, (2) each magnetozone is marked by at least two, but most commonly by more than three sites per magnetozone, (3) only one magnetozone consists of class 2 data alone, and it is defined by four sites, and (4) sites with low VGP latitudes whose α 95 error envelope overlapped the lat 0°line were not used to define individual magnetozones unless they were paired with higher-latitude sites. Class 1 data whose error envelope did not overlap lat 0°were used to conduct fold and reversal tests. Although the mean directions for the normal and reversed data are nearly antipodal after correction for bedding tilt (normal: 359°, 22°, α 95 = 6.3°; reversed: 169°, -23°, α 95 = 5.2°), the data do not pass the reversal test of McFadden and McElhinny (1990) because the mean directions for the normal and reversed data show a statistical difference at the 95% confidence level. This result suggests incomplete removal of a normal-polarity overprint. A fold test was conducted by comparing the Fisher (1953) precision parameter k for the mean pole of the in situ data with that for the bedding-tilt-corrected data, as described by Butler (1992) (Fig. 11 and Table 1 ). Specifically, in situ and bedding-tilt-corrected sample directions for each individual class l site were plotted (mirror images of the reversed data were plotted by projection of the data into the lower hemisphere), mean directions were calculated for the grouped normal and mirror-image reversed data for the in situ and bedding-tilt-corrected data, and the Fisher (1953) precision parameter k was calculated for each population. Comparison of the k values for the in situ and bedding-tilt-corrected poles indicates that the data pass the fold test at the 95% confidence level (Table 1) . We think that we have isolated the primary remanence, given the large number of magnetozones identified across the section and the positive fold test. Gaps between the individual measured segments, where substantial lateral offsets were required because of exposure availability, and the unconformities between units 1 and 2 and units 2 and 3 represent potential sources of error. Offsets may introduce error as a consequence of either underestimation of true thickness and missed polarity zones or overestimation and duplication of polarity zones (Talling and Burbank, 1993) .
Polarity zones may have been missed because of two significant lateral offsets in our section: a 4 km offset between the top of unit 2 and the base of unit 3 and a 3.5 km offset between two of the four segments across which unit 3 was measured. The top of unit 2 defines magnetozone R10, whereas the base of unit 3 defines magnetozone N10 (Fig. 10) . The intervening gap is estimated to be <50 m on the basis of the dip of beds and strike-perpendicular horizontal separation. In contrast, rocks both below and above the gap in unit 3 (at ≈1400 m) are reversely magnetized, and ≈100 m of section is estimated to be missing. Samples collected to fill this gap are also reversely magnetized, and a continuous reversed magnetozone is inferred for this interval (R13, Fig. 10 ).
Unconformities present a less tractable source of potential error. Unit 1 is inferred to be depositionally continuous with the Ebro foreland, whereas unit 2 was deposited over both unit 1 and the Sierras Marginales thrust sheet (Fig. 4) . Contact relationships between unit 2 and unit 1 are complex and most likely vary from angularly unconformable to disconformable, depending on proximity to syndepositionally active structures. Even though rocks 30 m below the contact in unit 1 and rocks up to 130 m above the contact in unit 2 are normally polarized and define a single magnetozone (N7, Fig. 10 ), significant structural displacement occurred during the deposition of this interval, and time is almost certainly missing across the contact. Time is probably also missing between unit 2 and unit 3 because the contact is a disconformity and because rocks of opposite polarity are juxtaposed across the contact (Figs. 4 and 9) .
Correlation of the Artesa de Segre section with the geomagnetic polarity time scale is problematic because of the absence of independent isotopic or biostratigraphic age control. Regional patterns of deposition in the Ebro foreland basin, regional patterns of deformation in the southern Pyrenees, and the character of the geomagnetic polarity time scale from the late Eocene through the Oligocene (Cande and Kent, 1992) serve to guide correlation of the local magnetostratigraphy (Fig. 12) .
In simple terms, the Ebro basin evolved from a marine to nonmarine basin between the middle (Bartonian) and late (Priabonian) Eocene (Puigdefàbregas et al., 1992; Vergés et al., 1992) . Marine deposition until 37.0 Ma is indicated to the northeast and east of the study area by the presence of the Cardona evaporite (Burbank et al., 1992b; Vergés et al., 1992) . Although the Cardona evaporite does not crop out in the study area, the eastern, southern, and northern margins of the Cardona basin are well constrained by drill-hole, seismic, and outcrop data . Thus, the age of the Cardona evaporite provides an approximate lower-age limit for the section because the section consists exclusively of nonmarine rocks. Long intervals of reversed polarity dominate the late Eocene to early Oligocene part of the geomagnetic polarity time scale (Cande and Kent, 1992) . Two predominantly reversed-polarity intervals (R7 and R8-R10) characterize the middle part of the local magnetopolarity stratigraphy (Fig. 10) . Given that the base of the section must be latest middle Eocene or younger, these magnetozones likely correlate with some combination of the reversed intervals (c13r, 12r, or 10r) within the late Eocene and Oligocene part of the geomagnetic time scale (Cande and Kent, 1992) .
Two correlations with the time scale of Cande and Kent (1992) are presented in Figure 12 and differ only in their correlation of unit 1. The "younger" correlation ( Fig. 12B ) makes the base and top of unit 1 as much as 1.8 and 3.0 m.y. younger, respectively, than the "older" correlation (Fig. 12A) . Specifically, the age of unit 1 depends on whether magnetozone R7 near the top of unit 1 actually correlates with chron c13r (older correlation, Fig. 12A ) or with c12r (younger correlation, Fig. 12B ) of the geomagnetic polarity time scale. The older correlation builds downward from c13r by chron-by-chron correlation of the local magnetozones with the Cande and Kent time scale; one result of the older correlation is that the unit 1 sediment-accumulation rate ranges from 25% to 40% higher (0.15-0.17 mm/yr) than the average rate for units 1-3 (0.12 mm/yr) (see Fig. 12C ). If, alternatively, magnetozone R7 correlates with c12r (Fig. 12B) , a closer correspondence between the unit 1-3 average sediment-accumulation rate (0.14 mm/yr) and the unit 1 sedimentaccumulation rate (0.14-0.16 mm/yr) is seen (Fig. 12C) . Note that magnetozone R2 has no correlative reversed-polarity interval within chron c16n.2n in Note: Mean in situ and bedding-corrected directions were calculated by grouping all normal-and mirror-image reversed-polarity (projected through the origin into the lower hemisphere) data.
*Best estimate of precision parameter (Fisher, 1953) . † 95% confidence interval on mean. § Data restored to horizontal attitude assuming nonplunging, cyindrical folds. (Fig. 12B) . This lack is not problematic because the exact number of polarity intervals within chron c16 is controversial (the Cande and Kent [1992] time scale does not include the short reversal within c16r.2n that appears on the Berggren et al. [1985] 
time scale).
We prefer the younger correlation because it makes the base of the Artesa de Segre section younger than the Cardona evaporite (Fig. 12B ). Given our preferred correlation, the age of the base of unit 1 must be between 36.67 and 36.38 Ma (ca. 36.5 Ma). The age of the top of unit 1 is between 30.92 and 30.45 Ma (ca. 30.7 Ma) . If these ages are correct, the upper part of unit 1 would be the lateral equivalent of the Barbastro Formation evaporites (Priabonian, ca. 37.0 to 33.5 Ma; Sáez et al., 1991) , an interpretation suggested by the cross section (Fig. 8A) . Furthermore, acceptance of the older correlation has undesirable implications for regional stratigraphy. The basal 150 m of unit 1 would be time equivalent with the Cardona evaporite (37.2-37.0 Ma; Burbank et al., 1992b) . Coeval marine and terrestrial deposition during deposition of the Cardona evaporite would be required. Although not unrealistic given middle to late Eocene paleogeography (Meigs and Burbank, 1993; Vergés et al., 1995) , this scenario appears to be unlikely.
Units 2 and 3 are correlated with the same part of the time scale in both the older and younger correlations (Figs. 12A and 12B, respectively) . Unit 2 is dominated by reversed-polarity sites ( Fig. 10) , which, assuming the age of the top of unit 1 is ca. 30.7 Ma, implies that the probable age for unit 2 is late early Oligocene (Fig. 12B) . The longest reversed chron in the late early Oligocene is c10r, which we believe to be represented in unit 2 by magnetozones R8 and R9 (on this basis, magnetozone N8 correlates to a cryptochron within c10r). We favor a tie with the upper normal subchron within c11n (c11n.1n) for the base of unit 2 because it maximizes the duration of the unconformity between units 1 and 2, the period during which the Sierras Marginales thrust sheet translated to its present position. Thus, the age of the base of unit 2 is interpreted to be ca. 29.5 Ma (between 29.63 and 29.37 Ma), and ≈1.2 m.y. is missing between the top of unit 1 and the base of unit 2. According to this correlation, the age of the top of unit 2 is ca. 28.5 Ma (between 28.55 and 28.48). A sediment-accumulation rate between two and four times higher than the average rate is implied for unit 2 (0.4 to 0.6 mm/yr vs. 0.12 mm/yr; Fig. 12C ). Unit 2 was deposited in piggyback basins on the Sierras Marginales thrust sheet. The elevated sediment-accumulation rate for unit 2 suggests that structural activity on the basin margins, rather than regional fluctuations in subsidence rate, modulated local sedimentation patterns (Ori and Friend, 1984; Coogan, 1992; Talling et al., 1995) .
A number of observations and circumstantial data place reasonably tight constraints on the correlation of unit 3 with the geomagnetic polarity time scale. In particular, it is unlikely that the top of unit 3, which is coeval with the youngest deformation in the area, is younger than late Oligocene given the following: (1) there is a general younging of the end of deformation westward across the Pyrenees (Hogan, 1993; Vergés, 1993) ; (2) there are no known Miocene fossil localities in eastern outcrops of the Ebro forelandbasin succession (B. Colldeforns, 1995, personal commun.) ; (3) unit 3 contains 11 magnetozones and is dominated by normal-polarity sites (Fig. 10) ; and (4) frequent alternations between short-duration periods of normal and reversed polarity characterize the geomagnetic time scale after 24.7 Ma (Fig. 12B) (Cande and Kent, 1992) . Given these constraints, unit 3 is interpreted to have been deposited from ca. 27.8 Ma (between 27.95 Ma and 27.61 Ma) until after 24.9 Ma (between 25.13 Ma and 24.65 Ma) (Fig. 12B) . Approximately 0.7 m.y. (between 0.53 and 0.94 m.y.) are missing across the unconformity separating units 2 and 3. This correlation yields slightly higher (0.17-0.19 mm/yr) than average (0.14 mm/yr) sediment-accumulation rates (Fig. 12C) . Magnetozone N15 is characterized by an instantaneous sediment-accumulation rate approximately two times higher than the unit 3 rate and approximately four times higher than the average rate. Despite the nonunique aspect of the correlations, our preferred correlation appears most reasonable because it is consistent with known stratigraphic and structural constraints, and it yields a generally smooth history of sediment accumulation.
DISCUSSION AND IMPLICATIONS
Constraints on Thrust-Sheet Position with Time and Rates
Integration of the paleomagnetically derived ages for units 1, 2, and 3 with the structural chronology reveals a complex temporal deformation path (Fig. 13) . Over the course of ≈10 m.y., construction of the major structures within the study area was accomplished by slip on two major detachments: one in Triassic evaporites at the base of the Sierras Marginales thrust sheet and one near the base of the foreland-basin succession in evaporites of the Barbastro Formation. The branch point for these two major structures lies to the north of the study area in the subsurface (Fig. 8A) . Periods of slip on a given fault are bracketed by the age of the youngest footwall bed cut by the fault and the age of the oldest bed unconformably overlying the fault. In the absence of a younger bracketing deposit, a maximum (oldest) age for a given fault was inferred by using the age of the youngest footwall bed cut by the fault. Because the thrusting was south directed (Muñoz, 1992; Vergés et al., 1992; Vergés, 1993) , the positions of the thrust sheet at specific times was constrained as having been no farther south than the northernmost extent of rocks of a given age in the subsurface. In effect, the northernmost extent of a given unit acts as a piercing point because that unit had to be deposited prior to being overthrust by the thrust sheet.
The position and emplacement rate of the Sierras Marginales thrust sheet between 37 and 29.5 Ma are constrained by combining stratigraphic ages of footwall strata with the subsurface geometry of the thrust sheet. Structural, seismic, and drill-hole data indicate that the footwall geometry of the thrust sheet comprises a major footwall ramp across the forelandbasin succession that links a footwall flat in the Cardona evaporite on the north with a series of very low angle ramps and footwall flats in the upper part of the foreland-basin succession on the south (Fig. 8A) (Vergés, 1993) . Because the Cardona evaporite was deposited between 37.2 and 37.0 Ma in a basin that lay to the south of the Sierras Marginales thrust sheet, the leading edge of the Sierras Marginales thrust sheet must have been at least 27 km to the north of its present position at 37.0 Ma (Fig. 13A) Vergés, 1993) . Projection of unit 1 northward beneath the thrust sheet to the footwall ramp indicates that the base of the ramp cuts ca. 36.5 Ma strata whereas the top coincides with 32.0 Ma strata (Figs. 8A and 13, B and C). Therefore, the Sierras Marginales thrust sheet could not have been any farther south than the base of the ramp before 36.5 Ma and the top of the ramp by 32 Ma. Translation of the thrust sheet from the top of the ramp to its present position (8.9 km) is bracketed by the age of unit 1 beds at the top of the ramp (32.0 Ma) and the age of the lowest part of unit 2 overlying the leading edge of the thrust sheet (29.5 Ma) (Fig. 13D) .
Thus, we are able to differentiate a three-stage emplacement history for the Sierras Marginales thrust sheet between 37 and 29.5 Ma. Each stage is marked by a discrete duration, a well-constrained displacement, and a rate ( Fig. 14 and Table 2 ), as follows: (1) an initial 13.8 km translation across the Cardona basin to the region of the footwall cutoff between 37.0 and 36.5 Ma at 27.6 mm/yr (Fig 13B) , (2) movement up the 4.3-km-long footwall ramp from 36.5 to 32.0 Ma at a rate of 0.95 mm/yr (Fig. 13C) ; and (3) a final 8.9 km displacement across the upper part of the foreland-basin succession from 32 to 29.5 Ma at 3.56 mm/yr (Fig. 13D) . Because the overall deformation path is independent of the correlation (younger vs. older) of the magnetostratigraphy with the geomagnetic polarity time scale, uncertainties in the correlation only moderately affect the rate calculations. At the surface in the south, the Sierras Marginales thrust cuts downsection across the uppermost part of unit 1 (the north limb of the Sanaüja anticline) whereas to the north, in the subsurface, the thrust either lies parallel to, or cuts upsection at a very low angle across, bedding in unit 1 (Fig. 8A) . Therefore, (1) activation of the detachment at the base of the foreland-basin succession and (2) associated folding are inferred to predate the deposition of the youngest exposed beds of unit 1 (>30.7 Ma; Fig. 8A ). Because the folding is interpreted to have occurred continuously between 36.5 and 29.5 Ma (Figs. 13, B and C) , the ≈1 km of shortening yields a constant shortening rate of 0.14 mm/yr, which contrasts with the highly variable rates of emplacement of the Sierras Marginales thrust sheet.
Deformation of the hanging wall of the Sierras Marginales occurred continuously, in a temporal but not spatial sense, with further deformation of the foreland during the deposition of unit 2 (29.5 to 28.5 Ma) and development of the unconformity between units 2 and 3 (28.5 to 27.8 Ma) (Fig. 13E) . Steep dips in unit 2 on the north flank on the Sanaüja anticline are evidence for foreland deformation during unit 2 deposition (Fig. 8 ). An additional 1 km of shortening was accommodated by amplification of the folds in the foreland at a rate of 0.6 mm/yr, four times higher than that of the preceding period (Table 2) . Thrusts developed within pretectonic strata on the western side of the study area involve unit 2 but not unit 3 (Figs. 4  and 8) . Although the map pattern of deformation of the hanging wall of the Sierras Marginales thrust sheet is dramatic, the total shortening related to these structures varies from ≈3 km in the west to <1 km along strike to the east. Growth stratal relationships in the core of one syncline (in the hanging wall of the thrust at point B; Fig. 4 ) imply that this deformation was approximately coeval with the deposition of unit 2. The rate of shortening on the detachment at the base of the Sierras Marginales thrust sheet substantially decreased to ≈0.6 mm/yr during this period.
Important changes in depositional patterns occurred as a consequence of internal deformation of the Sierras Marginales thrust sheet. A significant increase in sediment-accumulation rates (from 0.15 mm/yr during unit 1 deposition to 0.5 mm/yr during unit 2 deposition) and a change from alluvial and fluvial to lacustrine deposition are recorded in unit 2 (Figs. 5 and 12C). These shifts are interpreted to reflect a change from regionally controlled foreland-basin deposition to locally controlled piggyback-basin deposition. Similar patterns are seen in other disrupted foreland and piggyback basins Talling et al., 1995) . Shifting drainage patterns, from southwest-to south-directed during deposition of the lower and upper parts of unit 3, respectively, suggest that topography developed during deposition of unit 2 persisted during at least the deposition of the lower part of unit 3 (Fig. 7) . Ultimately that topography was overwhelmed by aggradation of younger detritus (Fig. 8A) and was breached by transverse rivers (which may explain the southerly paleocurrents recorded in the upper part of unit 3). An overall return to nearly average rates of sediment accumulation (0.14 mm/yr) mark unit 3 deposition (0.14 mm/yr; Fig. 12C ).
The remaining 3.5 km of shortening of the cross section occurred after the onset of deposition of unit 3 after 27.8 Ma (Fig. 13F) . In the foreland, the Sanaüja anticline was modified by 2.5 km of shortening along the newly (Fig. 13, A-F) . Three curves are plotted. Note the curve for total displacement (shaded boxes) is the sum of deformation during the emplacement and internal deformation of the Sierras Marginales thrust sheet (diamond) and structures formed above the foreland detachment (black dots). Displacement rates on the foreland detachment continuously increase, those on the Sierras Marginales detachment decrease overall but are highly variable in detail, and the total increases, in general, but is strongly affected by variations in rate on the Sierras Marginales detachment. The decrease in rate on the Sierras Marginales detachment after 29.5 Ma corresponds with a rate increase on the foreland detachment.
formed Cubells and Sanaüja thrusts as well as thrusting of unit 1 in the subsurface below the Sierras Marginales thrust sheet (Figs. 4, 8A, and 13F) .
Formation of the southernmost structure in the foreland, the Barbastro anticline ( Fig. 1) , is not constrained by these data. Strata assumed to be ageequivalent with unit 3 are folded about the anticline, and it seems likely that it grew, like the Sanaüja anticline, throughout the deposition of units 1 and 2.
Displacement on structures in the Sierras Marginales thrust sheet between the leading edge of the thrust sheet and the Montargull thrust had ceased by 27.8 Ma. Growth strata in the footwall of the Montargull thrust are present in conglomerates near the top of unit 3 (magnetozone N15; Fig. 10 ). Syndepositional rotation of these strata place initiation of this phase of displacement on the thrust at post-25.17 Ma (Fig. 12A) . Although the displacement on this fault is locally small (<1 km), it has a remarkable strike length and can be mapped continuously for 40 km across the northern region of the study area (Fig. 2B ) and for at least 60 km to the west ( Fig. 2 ; Pocoví, 1978; Meigs et al., 1992; Meigs and Burbank, 1993) . The rate of shortening between 27.8 Ma and <25.7 Ma on the Sierras Marginales detachment continued to decrease to 0.26 mm/yr, whereas the rate on the foreland detachment increased nearly threefold to 1.5 mm/yr (Fig. 14 and Table 2 ).
Regional Similarities and Differences
Although these structural, stratigraphic, and temporal data enable detailed, high-resolution mapping of deformation in space and time, stratigraphic relationships in areas to the west indicate there is a significant, but transparent, earlier deformational history not represented by rocks in the study area. Growth strata in lower Eocene limestones demonstrate formation of the Montargull thrust and, more important, the Sierras Marginales thrust in the early Eocene, >16 m.y. earlier (Meigs et al., 1992; Muñoz, 1992; Meigs and Burbank, 1993; Vergés, 1993) . Shortening at this time was accommodated predominantly by folding (Meigs and Burbank, 1993) . Large-scale translation of the Sierras Marginales thrust southward from its footwall cutoff in Mesozoic and Paleocene pretectonic strata is inferred to have begun in the Lutetian (early middle Eocene), but predominantly postdates the Bartonian (late middle Eocene) Vergés, 1993) . Additional shortening in the middle Eocene is indicated at a number of localities by growth strata of this age in the footwall of small-displacement thrust faults like those exposed on the western side of the study area (Fig. 4) . Clearly, the resolution of age data for and the relative continuity and preservation of syntectonic strata impacts fundamentally the ability to resolve discrete steps in a kinematic path, the perception of deformational continuity in space and time, and the constancy and variability of rates.
Three important conclusions can be drawn from these observations concerning the temporal accumulation of displacement. First, although the Sierras Marginales thrust formed in the early Eocene, approximately half of its total displacement occurred between 37.0 and 29.5 Ma (late Eocene to early Oligocene), a 7.5 m.y. period characterized by continuous southward displacement at variable rates (Fig. 14) . Second, displacement of the Sierras Marginales thrust sheet was apparently decoupled in time from displacement on imbricates developed within the thrust sheet. Finally, the total shortening likely accumulated as the consequence of repeated reactivation of individual structures beginning after formation in the early Eocene. It is interesting to speculate that internal deformation and thrust-sheet translation were decoupled throughout the history of the thrust sheet and that the total shortening related to emplacement and internal deformation is the product of repeated reactivation of thrust faults formed in the early Eocene.
The chronology of deformation of the Sierras Marginales thrust sheet and the foreland basin at Artesa de Segre and Oliana (Fig. 2) , 35 km to the northeast, compare favorably. Beginning at 36.5 Ma and continuing until after 34 Ma, deformation of the foreland and displacement of the Sierras Marginales thrust sheet occurred coevally at both Oliana and Artesa de Segre (Vergés and Muñoz, 1990; Burbank et al., 1992b) . However, shortening, though approximately equal in total magnitude, was partitioned differently. At Artesa de Segre between 37.0 and 32 Ma (Table 2) , 18.1 and ≈1 km of shortening occurred on the Sierras Marginales master detachment and on foreland detachments, respectively; at Oliana, 4 and 21 km are documented on the Sierras Marginales and foreland detachments, respectively, at approximately the same time. Furthermore, deformation of the foreland at Oliana is characterized by duplex thrusting and involves an older part of the foreland-basin succession than that involved in folding at Artesa. The style of deformation related to the Sierras Marginales thrust sheet shows substantial differences between the two areas as well. Translation across and then ramping over the foreland basin characterizes events at Artesa, but at Oliana, shortening on the Sierras Marginales and related thrusts involves small displacements and a pattern of internal deformation that is more similar to that of Artesa after 29.5 Ma.
Comparison of Rate Variation and Structural Development of Each Detachment
One of the interesting implications of these data is the contrasting behavior of the two regionally pervasive detachments with respect to spatial patterns and rates of shortening and style of deformation. Both the detachment in the Triassic Keuper evaporites at the base of the Sierras Marginales thrust sheet and at the base of the Barbastro Formation evaporites acted as major detachments regionally during thrusting and were active coevally (Fig. 14) . The Sierras Marginales thrust sheet's history is characterized by continuous slip at rates that varied substantially (from 27.6 to 0.26 mm/yr) about the mean rate of shortening (2.36 mm/yr) (Table 2) and that, overall, decayed through time (Fig. 14) . Rates of shortening during periods of thrust-fault displacement across footwall ramps, for both the Sierras Marginales thrust and imbricate thrusts within the sheet, are markedly lower than the mean rate (Table 2 and Fig. 14) . In contrast, periods during which the thrust sheet was translated across footwall flats are marked by rates that are 2 to 10 times higher than the mean rate.
The detachment at the base of the Barbastro evaporite also displays a unique evolutionary history. Activation of the detachment is inferred to have been accompanied by hanging-wall folding. Those initial folds, the Sanaüja and Barbastro anticlines, were modified by north-vergent faults only after ≈66% of the shortening related with the detachment had been absorbed by the folds. In contrast to the overall decay of shortening rate with time on the Sierras Marginales thrust, the rate of shortening on the detachment at the base of the foreland-basin succession is characterized by a steady increase with time (Fig. 14) . The first significant increase coincides with the end of the last period of high shortening rate on the Sierras Marginales detachment. One other interesting observation is that the highest rates of shortening on the Barbastro evaporite detachment correspond with the onset of shortening by faulting of the preexisting anticline and in the footwall of the Sierras Marginales thrust (Fig. 13F ). This coincidence defines a "break-forward" thrust sequence characterized by a progressive shift toward the foreland in the locus of deformation marked by contemporaneous deactivation and transfer of displacement from more internal to more external faults, rather than a step-wise sequence of formation, displacement, and deactivation of faults in space and time.
CONCLUSIONS
(1) Syntectonic strata in the vicinity of Artesa de Segre were subdivided into three informal units. A magnetostratigraphic section across these strata constrains the stratigraphic ages: (a) Unit 1 is continuous with Ebro fore-land basin and was deposited from before 36.5 Ma to ca. 30.7 Ma. Braidedriver or alluvial-fan deposition of sediments, whose source was the pretectonic strata of the Sierras Marginales thrust sheet, dominated unit 1. Unit 1 was deposited at a rate of 0.15 mm/yr. (b) Unit 2 was deposited over both unit 1 and the Sierras Marginales thrust sheet from 29.5 to 28.5 Ma. Structural damming and ponding as a consequence of internal deformation within the Sierras Marginales thrust sheet drove higher sediment-accumulation rates and a shift to lacustrine deposition during unit 2 time. Unit 2 was deposited at a rate of 0.5 mm/yr. (c) Unit 3 unconformably overlies unit 2 and was deposited from 27.8 to <24.7 Ma. Fluvial deposition by rivers draining the Pyrenean axial zone and a deceleration of sediment-accumulation rate to 0.18 mm/yr characterize unit 3.
(2) Ages and rates of thrusting of five deformational stages involving displacements on two separate detachments can be differentiated on the basis of map relationships of major structures with the syntectonic units. (3) After 36.5 Ma, shortening above each detachment accumulated contemporaneously. This slip was manifested at the surface in different ways, however. (a) An anticline nucleated and grew continuously owing to slip transmitted along the foreland detachment. Toward the end of the deformation, the anticline was modified by north-directed thrust faults. (b) Evolution of the Sierras Marginales thrust sheet can be differentiated into a discrete period of emplacement followed by internal deformation. Thrust-sheet emplacement consisted of translation on a footwall flat, climb across a footwall ramp in the foreland-basin sequence, followed by translation across a series of very low angle ramps and footwall flats. Sequential deactivation of the detachment is indicated by the north-stepping pattern of thrusting of imbricate thrust faults within the thrust sheet.
(4) Shortening rates above each detachment were highly variable. Whereas slip on the foreland detachment showed a continuous increase from 0.14 to 1.5 mm/yr, rates of slip on the Sierras Marginales detachment showed an overall decay with time and varied from relatively high rates of 27.6 mm/yr to relatively low rates of 0.26 mm/yr. Rates related to the Sierras Marginales detachment were highest during thrust-sheet translation and lowest during climb of the thrust sheet up the footwall ramp and during internal deformation. Displacement rate on the foreland detachment significantly increased as the rate of displacement of the Sierras Marginales thrust sheet decreased.
